Dual-specificity protein phosphatases (DUSPs) constitute a family of protein phosphatase characterized by the ability to dephosphorylate phospho-tyrosyl and phospho-seryl/threonyl residues. Most DUSPs are involved in regulation of cell survival and differentiation. In this study, a human dual-specificity protein phosphatase, DUSP28, was isolated from a human kidney cDNA. The recombinant protein was successfully produed in E.coli and showed sufficient phosphatase activity toward DiFMUP (6,8-difluoro-4-methylumbelliferyl phosphate). Various phosphatase inhibitors and divalent metals were tested for their effects on the DUSP28 phosphatase activity. As a result, Zn 2+ was found to strongly inhibit DUSP28 phosphatase activity, suggesting DUSP28 is involved in Zn-related signal transduction pathway. Furthermore, the DUSP28 protein preferred phospho-tyrosyl residues to phospho-threonyl residues, implying its physiological roles in the cellular process.
Introduction
A family of dual-specificity protein phosphatases (DUSPs) catalyzes dephosphorylation of protein substrates at both tyrosine and threonine residues [1] , and regulates the phosphorylation levels of proteins that play crucial regulatory roles in cellular signal transduction mediating cell survival, proliferation, and differentiation [16] . To date, 24 human DUSPs have been registered to GeneBank at National Center for Biotechnology Information U.S (NCBI). Of these DUSPs, the subgroup of typical MAP kinase phosphatase (MKPs) has a catalytic domain and an additional MAP kinase binding (MKB) domain [6] . Another subgroup of DUSPs is distinct from the typical DUSPs in that they lack the MKB domain, resulting in small-sized phosphatases. The prototypical mammalian atypical DUSP is DUSP3/VHR that is implicated in the control of MAP kinase signaling pathways [15] . All of human DUSPs contain a signature motif, HCXXGXXR, except DUSP28 (NCBI accession number, NP_001028747) in which the conserved histidine is changed to tyrosine. In case of DUSP3/VHR, the conserved histidine residue appeared to interact with the carbonyl group of the active-site cysteine residue by a hydrogen bond [19] . Some mutations of the conserved histidine decreased Kcat about 10-fold in VHR, demonstrating the hydrogen bonding of histidine is crucial for maintain the proper positioning of the active-site cysteine in the catalytic site [8] . Recently, studies of gene expression profile showed that DUSP28 was down-regulated in immune cells and activated in the transcript factor CHF1/Hey2 transgenic myocytes, respectively [2, 18] . Even though DUSP28 has a unique aspect, no functional studies for phosphatase activity and substrates had been reported. Here, we report the expression and characterization of the human DUSP28 gene.
Materials and Methods
Cloning, expression and purification of DUSP28
The full-length DUSP28 gene was amplified by PCR using the human kidney cDNA (Clontech, Mountain View, CA) with DUSP28-specific primers, [DUSP28F; 5'-GCGCGCA TATGGGCACCTCGGAGGCTGCACCG-3' and DUSP28R; and Thr phosphopeptide (RRA(pT)VA).
Results and Discussion
The DUSP 28 gene encodes a 176 residues protein that has a dual-specificity protein catalytic (DSPc) domain from residue 18 to 153. The full-length DUSP28 gene was expressed in E. coli cells and its product was purified by nickel-affinity chromatography (Fig. 1) .
The phosphatase activities of DUSP28-WT and DUSP28-CS mutants toward DiFMUP were first examined.
The wild type DUSP28 (DUSP28-WT) protein showed phosphatase activity in a dose-dependent manner ( Fig. 2A) . However, The DUSP28-CS mutant protein in which the active-site cysteine 103 was substituted with serine had little phosphatase activity, showing that cysteine 103 is important for phosphatase activity. To find out the optimum pH at which DUSP28 would best break down DiFMUP, we assayed the phosphatase activity at various pH values. The optimal pH for the enzymatic activity was pH 6.0 (Fig. 2B ).
Next we investigated the inhibition of phosphatase activity with various phosphatase inhibitor compounds. The phosphatase activity of DUSP28 was strongly inhibited by sodium orthovanadate, which is a specific inhibitor of Tyr phosphatases (Fig. 3A) . Sodium fluoride (NaF), a commonly used general inhibitor for Ser/Thr phosphatase, inhibited DUSP 28 phosphatase activity about 10%. Pentamidine (PMD), which is known as an inhibitor of PRL phosphatase, showed about 22 % inhibition of phosphatase activity. Then, DUSP28 phosphatase was examined in terms of divalent metal ion effects on DUSP28 activity. Although DUSP28 did not contain any known metal binding motif, 2 mM of Zn 2+ greatly inhibited the phosphatase activity. Co 2+ also caused a meaningful decrease of the activity. On the other hand, phosphatase activity was slightly higher in the presence of 2 mM Mg 2+ and Ca 2+ , respectively. Mn 2+ did not show any effect (Fig. 3B) . In fact, Zn 2+ was reported to inhibit T cell protein tyrosine phosphatase possibly through the binding to the cysteine residue at the catalytic site [13] . However, the presence of a cysteine residue at the catalytic site seems to be not sufficient to provide an inhibitory site, because the active site of enzymes may be designed to be protected Fig. 3 . Effects of phosphatase inhibitors on DUSP28 activity.
Several known phosphatase inhibitors were tested for their effect on the ability of DUSP28 to dephosphorylate DiFMUP. 5.4 μM of DUSP28 was incubated with DiFMUP in the absence or presence of 1 mM sodium orthovanadate, PMD (pentamidine), NaF (A). Effects of divalent ion on DUSP28 activity. The reaction samples were incubated in the presence of 2 mM each of the divalent metal ions (B). The values are shown as mean±S.E. of three independent assays. from inhibition by Zn 2+ . All DUSPs have an essential cysteine residue at the active site that might be the target of Zn 2+ inhibition, but Zn 2+ partially decreased some DUSPs such as LMW-DSP3 (DUSP19) [4] and DUSP3/VHR [9] . In this study, Zn 2+ was found to inhibit about 95% of DUSP28 phosphatase activity, suggesting DUSP28 might be involved in Zinc-regulated signal pathway. Zinc in the ambient air was proved to be strongly associated with the prevalence of asthma [5] , and animal studies were shown that the inhalation of zinc induces adverse pulmonary health effects [7, 12] . Zinc exposure was reported to induce the phosphorylation of mitogen-activated protein kinases that are cellular substrates of DUSPs by inhibiting a functionally undefined DUSP activity in human airway epithelial cells [11] .
Although DUSPs are known to dephosphorylate protein at both tyrosine and threonine residues, some of them have a preference for their substrates. For example, DUSP3/VHR prefers phosphor-tyrosine (pY) to phosphor-threonine (pT)
in the dephosphorylation reactions [19] , whereas DUSP13/ TMDP has a similar activity toward both pY and pT [14] .
To determine the substrate specificity, three phospho-peptides such as Tyr phosphopeptide-1 (END(pY)INASL), Tyr phosphopeptide-2 (DADW(pY)LIPQQG) and Thr phosphopeptide (RRA(pT)VA) were used in phosphatase activity assay. The recombinant DUSP28 dephosphorylate both Tyr phosphopeptide-1 and Tyr phosphopeptide-2, depending on the amounts of enzymes of enzyme added up to 8 μg (Fig.  4) . The specific activity of DUSP28 towards Tyr phosphopeptide-2 was 4.3 pmol/min per μg, which is higher than that (3.1 pmol/min per μg) toward Tyr phosphopeptide-1.
However, DUSP28 did not show any significant activity toward Thr phosphopeptide that was a good substrate for DUSP19 and DUSP23 (Fig. 3 ) [4, 17] . These results demonstrate that DUSP 28 prefers pY to pT, similar to DUSP3/VHR. The structure and charges of active region are mainly responsible for the substrate specificity.
DUSP3/VHR has a relatively deep active site pocket that is easily accessible only by pY, whereas DUSP13/TMDP has a wider and more planner active pocket than DUSP3/VHR [10] . In phylogenetic dendrogram suggested by carols et.al, 
